ABSTRACT: Despite their fundamental biological importance and therapeutic potential, the interactions between chemical chaperones and proteins remain difficult to capture due to their transient and nonspecific nature. Using a simple mass spectrometric assay, we are able to follow the interactions between proteins and the chemical chaperone trimethylamine-N-oxide (TMAO). In this manner, we directly observe that the counteraction of TMAO and the denaturant urea is driven by the exclusion of TMAO from the protein surface, whereas the surfactant lauryl dimethylamine-N-oxide cannot be displaced. Our results clearly demonstrate a direct chaperoning mechanism for TMAO, corroborating extensive computational studies, and pave the way for the use of nondenaturing mass spectrometry and related techniques to study chemical chaperones in molecular detail.
C hemical chaperones are small molecules that protect proteins from denaturation. While some chemical chaperones are used as therapeutic agents targeting specific disease-associated proteins, others exert a broad influence on cellular protein folding. 1 One of the best-studied examples of the latter type is trimethylamine-N-oxide (TMAO), which has a well-established propensity to counteract urea-induced protein unfolding. 2, 3 Its unique properties have been harnessed to stabilize disease-related proteins in vivo. 4 Owing to the fundamental biophysical role of chemical chaperones, the molecular mechanism underlying their actions has been subject to extensive investigations using experimental and theoretical strategies. 5 While denaturants such as urea unfold proteins via energetically favorable direct interactions, 6 the counteracting mechanisms that produce compact protein conformations remain debated, with both indirect and direct mechanisms proposed. For example, TMAO may stabilize proteins by interacting with the protein surface or the denaturant, 7, 8 change the general properties of the bulk solution, 9, 10 or promote compact conformations by inducing an osmophobic effect 11 that causes the protein to "shy away" from the solvent. 12, 13 Contributing to the ambiguity surrounding the effects of TMAO on protein folding is the fact that most experimental approaches report either solely on the state of the protein (for example, CD, 14 FRET, 15 DSC, 16 NMR 17 ) or on the organization of solvent molecules (X-ray scattering). 18 To date, only molecular dynamics (MD) simulations have been able to provide detailed glimpses of how ternary solutions of urea, TMAO, and model proteins are organized, but these studies have given rise to conflicting interpretations. The prevailing model derived from the simulations suggests that urea is displaced from the protein surface by TMAO, resulting in a transition from unfolded to compact states. 12,19−21 Yet, two fundamental aspects of this model have largely eluded experimental investigation: Can we detect interactions between TMAO and proteins and how are these interactions affected by urea?
Nondenaturing mass spectrometry (MS) is well-suited for the study of protein structures and interactions. Using nanoelectrospray ionization (nESI), proteins can be transferred to the gas phase through gentle solvent evaporation from aerosolized microdroplets, resulting in ions with largely intact intramolecular contacts. 22 Analyses of the protein masses and charges provide insights into their interactions and structures, including the effects of ions and solution additives. 23−27 The ability of MS to inform about a wide range of interactions raises the possibility to probe potential contacts between TMAO and proteins.
As a starting point, we decided to record nESI-MS spectra of proteins in TMAO-containing solutions and chose the MaSp1 N-terminal domain (NT) because its structure and chemical stability have been extensively characterized in solution and with MS. 28−30 We found that under gentle ionization conditions, where the solvent is slowly evaporated from the droplets, NT in the presence of 0.1−100 mM TMAO yields well-resolved spectra. The charge state distribution of the desolvated protein is centered around the 6+ and 7+ ions, in good agreement with compactly folded NT ( Figure 1A ). 31 Intriguingly, we also noticed that when the instrument conditions were altered to promote more efficient ion desolvation the protein signal shifted markedly to the higher m/z region, but only in the presence of TMAO. Raising the voltage of the sample cone in the ion source of the mass spectrometer increases the acceleration of the ions during the final stages of desolvation, resulting in thermal activation. Remarkably, even a moderate increase of the cone voltage significantly reduced the number of charges of the NT ions ( Figure 1A ). To gain more insights into this process, we titrated NT with increasing TMAO concentrations, recorded spectra over a range of activation energies (cone voltages), and determined the average charge of the protein at each step ( Figure 1B) . The results clearly show that the charge-reducing effect is dependent on the concentration of TMAO in solution.
In the absence of thermal activation, we observed minor peaks adjacent to the 6+ charge state of NT corresponding to one and two bound TMAO molecules ( Figure S1A ). Isolation and dissociation of these complexes in the mass spectrometer showed that the loss of bound TMAO reduces the charge of the protein ion ( Figure S1B ). This observation confirms that charge reduction is due to the dissociation of TMAO molecules from the protein. However, the magnitude of this effect seems to strongly depend on the desolvation conditions. Under gentle conditions at low cone voltages, TMAO molecules appear to evaporate from the protein with the solvent, leaving the average charge of the NT ions unaffected. Thermal activation at high cone voltages, on the other hand, promotes the dissociation of TMAO as charged species, substantially reducing the protein charge.
On the basis of our observations, we can deduce how TMAO interacts with NT by considering the mechanisms for protein charge reduction through solution additives. 32−34 It has been proposed that compounds with high basicities interact with positively charged sites on the protein. During the last stages of the ESI process, when the droplets containing the protein are evaporated to dryness, these basic adducts dissociate together with protons from the protein surface. In fact, some MD studies have predicted that TMAO is incorporated into the hydration shell of proteins, forming hydrophobic interactions via its methyl groups as well as ion− ion and ion−hydrogen bonding via its oxygen. 12, 35, 36 The observed charge reduction can be explained as the dissociation of bound TMAO molecules from charge-carrying sites on the surface of NT. Our results demonstrate that TMAO readily forms complexes with NT in solution, which can be dissociated during desolvation, indicating a direct interaction between the protein and TMAO.
We now wondered if we could detect how these interactions are affected in ternary solutions of protein, TMAO, and urea. Numerous studies have shown that urea and TMAO have counteracting effects on protein stability. 3, 8, 12, 21, 35 Having established that we can follow the association of NT and TMAO by monitoring the charge reduction during desolvation, we again followed this process in the presence of urea. First, we acquired spectra of NT with urea alone and surprisingly were able to obtain MS data in up to 3 M urea, just on the denaturation threshold for NT. 37 At this concentration, we detected an additional charge state series centered on the 11+ ion, which may indicate a more unfolded NT population ( Figure S2 ). Next, we recorded spectra of NT in the presence of both urea and TMAO. Strikingly, we observed that in the presence of 3 M urea the charge-reducing effect of TMAO was completely abolished, yielding spectra centered on the 6+ and 7+ ions regardless of the ionization conditions (Figure 2A) . Furthermore, no NT−TMAO or NT−urea complexes were observed in the presence of urea ( Figure S3 ).
We then titrated NT at a fixed TMAO concentration of 100 mM with urea concentrations ranging from 100 mM to 3 M, increased the cone voltage stepwise, and determined the average protein charge in each condition ( Figure 2B ). At 3 and 1 M urea (urea/TMAO ratios of 30 and 10), only minor charge reductions of 1−2 charges were observed. However, when reducing the urea concentration from 300 to 100 mM (ratios of 3 and 1), the average charge of NT dropped to 4.3 and 2.1, respectively, slightly lower than that with TMAO alone. We repeated the experiment using the C-terminally truncated 36 kDa protein human phosphotyrosine phosphatase 1B (Figure S4 ). At a cone voltage of 400 V, the presence of 500 mM urea did not have a significant impact on protein charge states, while the addition of 50 mM TMAO reduced the average charge from 11.3 to 4.7. This effect could be reversed by addition of 500 mM urea, suggesting that this behavior is not specific to NT. Our findings are in good agreement with reports that ∼2 is the critical urea/TMAO ratio for TMAOmediated stabilization. 13, 15 Thus, we conclude that urea interferes with the interactions between NT and TMAO in a ratio-dependent manner.
MD studies suggest that urea and TMAO displace each other from the protein surface. 12, 20, 21 Cremer and co-workers proposed that TMAO can act as a surfactant for the heterogeneous surfaces of folded proteins. 7 This type of interaction, we reasoned, would be greatly enhanced if the weakly amphiphilic TMAO was substituted for a highly amphiphilic surfactant that is significantly harder to displace from the protein surface. We therefore used lauryl dimethylamine-N-oxide (LDAO), a detergent that is commonly utilized for solubilization of integral membrane proteins and has been found to interfere with urea-induced denaturation. 38 In LDAO, one of the methyl groups of TMAO is substituted for an unbranched C 12 H 25 chain, making it highly amphiphilic (Figure 2A) .
Similar to TMAO, titration of NT with LDAO at increasing cone voltages revealed effective charge reduction ( Figure S5) . The effect appears to occur only above the LDAO critical micelle concentration of 1−2 mM. However, unlike with TMAO, addition of 3 M urea in the presence of 100 mM LDAO did not reverse its charge-reducing effect (Figure 2A ). To also evaluate whether LDAO affects urea-induced denaturation in solution, we used tryptophan fluorescence spectroscopy of NT. 30 In agreement with the MS data, even low concentrations of LDAO were able to prevent the ureainduced shift of the emission maximum for the single tryptophan in NT ( Figure S6 ). LDAO furthermore caused quenching of the fluorescence intensity, suggesting an interaction between detergent and protein. Together, this leads us to conclude that urea, although able to disrupt interactions between TMAO and the protein surface, cannot readily displace the more surface-active detergent LDAO.
Multiple computational studies have suggested antagonistic effects of TMAO and urea on their interactions with proteins. 12, 20, 21 Our findings demonstrate directly that excess urea displaces TMAO from protein surfaces. It should be noted that nESI-MS cannot be used to follow TMAO-induced refolding of NT as TMAO concentrations above 500 mM suppress ionization. Yet, urea displaces TMAO even below the concentration necessary for NT unfolding, which suggests that the effect is dependent on the ratio of both compounds rather than a specific concentration. In line with our findings, FRET studies on intrinsically disordered proteins, which are more sensitive to compaction and unfolding than globular proteins, have shown that the counteraction of TMAO and urea is concentration-independent. 15 Notably, it also points beyond a purely osmophobic mechanism as that would likely not occur at low urea concentrations. The reversion of urea-induced unfolding of globular proteins is therefore likely a macroscopic manifestation of the microscopic displacement mechanism demonstrated here. 
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Letter Regarding whether TMAO counteracts urea via a direct or indirect mechanism, our results point to a direct mode: TMAO alone is able to interact directly with the protein surface in the absence of urea, which agrees well with previous MD studies. 7, 36 At increasing urea concentrations, those interactions are disrupted, giving way to direct protein−urea interactions and unfolding 19 and possibly the formation of TMAO−urea complexes. 13 Although our data do not report directly whether urea can be displaced by TMAO, they argue in favor of an antagonistic mechanism via exclusion from protein surfaces, as inferred from MD studies. In line with this model, we find that increasing the energetic penalty for dissociating TMAO from the protein by introducing a hydrophobic tail shifts the equilibrium between binding and displacement, favoring attachment to the protein instead. In summary, we provide direct experimental evidence for a competition mechanism between a chemical chaperone and a denaturant that gives rise to antagonistic effects on protein unfolding. Furthermore, in demonstrating the ability of MS to capture chaperone-and denaturant-related effects, this study paves the way for the use of MS and related techniques such as ion mobility spectroscopy to gain new insights into the role of chemical chaperones in protein folding. 
